We studied organic photovoltaics (OPVs) in bulk-heterojunction cells (BHJ) based on a liquid-crystalline fluorine copolymer (F8T2) with the capability of forming periodic nanostructures as the donor and a soluble fullerene (PC 70 BM) as the acceptor. The surface morphology of the blend film shows that the F8T2 and PC 70 BM phases are separated into large islands, which grow in size with increasing fraction of PC 70 BM. The power conversion efficiencies (PCEs) of the cells exhibit a distinct maximum as a function of the PC 70 BM concentration in the BHJ OPVs; the PCE has a maximum at F8T2:PC 70 BM (1:2) and decreases at both lower and higher concentrations of PC 70 BM. The OPV with the highest performance has a PCE of 2.28%. In order to investigate the charge separation that occurs at the interface between F8T2 and PC 70 BM, we also performed ultrafast transient absorption spectroscopy on F8T2:PC 70 BM (1:2) blend films.
Introduction
Organic photovoltaics (OPVs) offer a promising new source of electrical energy, particularly due to the advantages they offer, such as low fabrication cost and ease of processing on flexible substrates. The most successful example is that of a π-conjugated polymer (donor) blended with the soluble fullerene PCBM (acceptor) to form a bulk-heterojunction (BHJ) cell [1] [2] [3] [4] [5] [6] . To obtain high-performance BHJ OPVs, it is desirable that a donor/acceptor blended film features (i) a high fraction of the light-absorbing species in order to maximize exciton generation, (ii) a large donor/acceptor interfacial area in order to enable efficient exciton dissociation into a charge transfer (CT) state, (iii) pure donor and acceptor domains in order to ensure efficient CT state dissociation and (iv) percolation of electronand hole-transporting domains throughout the BHJ to permit efficient transport of free charge carriers to the electrodes [4, 7] . Based on the relationship between the morphology in a BHJ layer and its power conversion efficiency (PCE), derived from features (i) to (iv), fluorine copolymers [8, 9] seem to be promising candidates among the donor materials. Some fluorine copolymers, such as poly(9,9'-dioctyl-fluorene-co-bithiophene) (F8T2), belong to a class of liquid-crystalline semiconducting polymers that have the capability of forming periodic nanostructures in fluorine copolymer/PCBM blended films [10] . Moreover, a hole mobility as high as 0.02 cm 2 •V -1 •s -1 has been achieved in F8T2 by the alignment of the polymer chains in liquid-crystalline phases [11, 12] . Therefore, in this study, we chose F8T2, with its capability of forming periodic nanostructures, as the donor for BHJ OPVs and PCBM as the acceptor, and we investigated the photovoltaic properties and charge dynamics in nanophase-separated F8T2:PCBM blend films. 
Experimental section 2.1 Materials and methods
All materials in used this study were purchased from commercial sources and used as received. F8T2 was purchased from American Dye Source. The chemical structure is shown in Fig. 1(a) . The weight average molecular weight (M w ), number average molecular weight (M n ), and polydispersity (M w /M n ) were estimated to be 45000, 13000, and 3.4, respectively. Poly(3,4-ethylenedioxy thiophene)-poly(styrenesulphonate) (PEDOT:PSS, CLEVIOS P VP AI 4083) was purchased from HC Starck. [6, 6] -phenyl-C61-butyric acid methyl ester (PC 60 BM) and its corresponding C 70 derivative (PC 70 BM) (purity 99%) were purchased from Solenne.
UV-vis absorption spectra and photoluminescence (PL) spectra were recorded on a U-3010 spectrometer (HITACHI) and an FP-6500 spectrofluorometer (JASCO) equipped with an integrating sphere, respectively. The thicknesses of the films were measured using an automatic microfigure measuring instrument (Surfcorder ET200, Kosaka Laboratory Ltd.). As a part of the structural characterizations, surface morphologies were studied through atomic force microscopy (AFM) (Nanocute, SII NanoTechnology Inc.). The highest occupied molecular orbital (HOMO) energy levels were determined by photoelectron yield spectroscopy using an AC-3 spectrometer (Riken Keiki).
Fabrication and characterization of OPVs
The OPVs were fabricated in the following configuration: ITO/PEDOT:PSS/active layer/LiF/ Al. The patterned ITO (conductivity: 10 Ω/square) glass was pre-cleaned in an ultrasonic bath of acetone and ethanol and then treated in an ultraviolet-ozone chamber. A thin layer (40 nm) of PEDOT:PSS was spin-coated onto the ITO and dried in air at 110 °C for 10 min on a hot plate. The substrate was then transferred to an N 2 glove box and dried again at 110 °C for 10 min on a hot plate. An o-dichlorobenzene solution of F8T2:PCBM blend, which varied from 1:1 to 1:3 (weight ratio), was subsequently spin-coated onto the PEDOT:PSS surface to form the active layer. The resultant substrates were then annealed at various temperatures (60 to 240 °C) for 10 min in an N 2 glove box. Finally, LiF (1 nm) and Al (80 nm) were deposited onto the active layer by conventional thermal evaporation at a chamber pressure lower than 5 × 10 −4 Pa, which provided each device with an active area of 2 × 2 mm (Wacom Electric Co., Ltd.). The incident photon-to-current conversion efficiency (IPCE) was measured using a CEP-2000 system (Bunkoh-Keiki Co., Ltd.).
Measurement of ultrafast transient absorption spectroscopy for F8T2:PCBM blend films
Femtosecond time-resolved absorption spectroscopy was carried out in a pump-probe configuration at room temperature [4, 7, 13, 14] . We employed a regenerative amplified Ti:sapphire laser with a pulse width of 100 fs and a repetition rate of 1000 Hz as the light source. The pump pulse wavelength was 400 nm, which was generated as second harmonics in a β-BaB 2 O 4 (BBO) crystal. The excitation intensity was 27 μJ•cm -2 . A white probe pulse (450-1000 nm), generated by self-phase modulation in a sapphire plate, was focused on the sample with the pump pulse. Spot sizes of the pump and probe pulses were 2.5 and 1.3 mm in diameter, respectively. The transmitted probe spectra were detected using a 72 ch Si-photodiode array attached to a 30 cm imaging spectrometer, and they were recorded simultaneously through a 72 ch analogue-to-digital converter. The spectral data were accumulated for 10000 pulses to improve the signal-noise ratio. The 
differential absorption spectra (ΔOD) are expressed as ΔOD ≡ -log(I on /I off ), where I on and I off are the transmitted light intensity with and without pump excitation, respectively. . This is because the V oc in a BHJ cell using PCBM as the acceptor is mainly determined by the energy difference between the HOMO level of the donor and the LUMO level of PCBM (−3.7 eV) [15] . The PCEs exhibit a distinct maximum as a function of the PC 70 BM concentration in F8T2:PC 70 BM BHJ OPVs; the PCE has a maximum at an F8T2:PC 70 BM ratio of 1:2 and decreases at both lower and higher concentrations of PC 70 BM. The OPV with the highest performance has a short circuit current (J sc ) of 4.28 mA•cm -2 , a V oc of 1.00 V, a fill factor (FF) of 0.53, and a PCE of 2.28%.
Results and discussion
To investigate the origin of this PC 70 BM composition dependence of the PCEs, the morphologies of the F8T2:PC 70 BM blends were observed by AFM. The AFM images presented in Fig. 2 show that the F8T2 and PC 70 BM phases are separated into large islands, which grow in size with increasing fraction of PC 70 BM. This indicates that the islands are PC 70 BM rich. The F8T2:PC 70 BM (1:3) blend film ( Fig. 2(e) ) showed pronounced phase separation, which certainly reduced the heterojunction interface area for exciton dissociation and consequently led to the lowest J sc of the three OPVs. On the other hand, the F8T2:PC 70 BM (1:1) film (Fig. 2(c) ) had smaller domains that might have precluded sufficient percolation paths for electrons or holes to reach the electrodes in the blend film, thereby increasing photocurrent recombination and leading to the lowest FF of the three OPVs. Fig. 3 shows the influence of thermal treatment on the photovoltaic characteristics. The F8T2:PC 70 BM blend films were annealed at various temperatures ranging from 60 to 240 °C for 10 min in an N 2 glove box. We found that the OPV performance rapidly deteriorated at temperatures close to the glass transition temperature (Tg) of F8T2 (103-121 °C) [16, 17] . The AFM images presented in Fig. 4 show that F8T2 and PC 70 BM blends maintain their phase separation into large islands, which may form percolated pathways for electron and hole transport, when annealed at temperatures below 110 °C. In the case of blends annealed at higher temperatures, the images of the films reveal an obvious separation of domains, creating a morphology that is inappropriate for charge transport [18] . photovoltaic response, i.e., the IPCE, for F8T2-based OPVs with PC 70 BM and PC 60 BM, as shown in Fig. 6(c) . The IPCE values for F8T2:PC 70 BM are larger than those for F8T2:PC 60 BM in the region from 500 to 700 nm, while the IPCE value for F8T2:PC 60 BM (56%) is larger than that for F8T2:PC 70 BM (35%) at the absorption peak of F8T2 (460 nm). The AFM image of the F8T2 film blended with PC 60 BM and annealed at 80 °C (Fig. 7) Fig. 8 , and we accurately measured the absolute PL quantum efficiency (η PL (%) = 100 × the number of photons emitted from the sample / the number of photons absorbed by the sample) of the films using an integrating sphere.
PL spectra were recorded using an excitation wavelength of 400 nm. It was found that the η PL of the blend film (below 0.1%) is much smaller than that of the pristine F8T2 thin film (9.6%). blend film annealed at 80 °C for 10 min. By comparing the spectra with the photoinduced absorption (PIA) signals of the F8T2 and PC 70 BM films [13, 14] , we ascribed the peak at 520 nm to the PIA due to the CT state. The inset in Fig. 9 shows the temporal evolution of the PIAs due to the CT state, which exhibits fast formation (τ rise = 700 fs) followed by slow relaxation (τ decay = 40 ps).
The finite rise time of the CT state suggests that the state is created by photogenerated exciton conversion at the interface. Hwang et al. estimated the time spent in the CT state in a thermal annealed P3HT:PC 60 BM (1:0.7) film and a neat P3HT:PC 60 BM film [21] . Thermal annealing of the P3HT:PC 60 BM film led to improved crystallinity and increased PCEs in the BHJ cells. The CT decay profile is also sensitive to the effects of thermal annealing; the CT state exhibits fast relaxation (τ decay = 4 ps) for the P3HT:PC 60 BM film after thermal annealing and slow relaxation (τ decay = 9 ps) for the P3HT:PC 60 BM film without annealing. They concluded that the yield of free charge carriers and the PCEs were decreased by recombination during the time spent in the CT bound state. In the present F8T2:PC 70 BM (1:2) system, the lower IPCE value for F8T2:PC 70 BM than F8T2:PC 60 BM at the F8T2 absorption peak shown in Fig. 6 (c) may be explainable in terms of the long-lived CT state (40 ps).
Conclusion
We reported the photovoltaic properties and charge dynamics of BHJ OPVs based on F8T2, which has the capability of forming periodic nanostructures, as the donor and PC 70 BM as the acceptor. The surface morphology of the blend film shows that the F8T2 and PC 70 BM phases are separated into large islands, which grow in size with increasing fraction of PC 70 BM. The PCEs in F8T2:PC 70 BM BHJ OPVs exhibit a distinct maximum as a function of the PC 70 BM concentration; the PCE reaches a maximum at F8T2:PC 70 BM (1:2) and decreases at both lower and higher concentrations of PC 70 BM. The OPV with the highest performance has a power conversion efficiency of 2.28%. In order to investigate the charge separation that occurs at the interface between F8T2 and PC 70 BM, we also performed ultrafast transient absorption spectroscopy on the present F8T2:PC 70 BM (1:2) system. The CT state exhibits fast formation (τ rise = 700 fs) followed by slow relaxation (τ decay = 40 ps). The finite rise time of the CT state suggests that the state is created by photogenerated exciton conversion at the interface. The lower IPCE value for F8T2:PC 70 BM than F8T2:PC 60 BM at the F8T2 absorption peak may be explainable in terms of the long-lived CT state (40 ps).
